Abstract-Economic performance assessment (EPA) remains important to predict and verify the benefits from process control systems. In the latest techniques of EPA, performance functions (PFs) have an essential function. However, to the extent of the authors' knowledge, there has been no systematic approach to developing PFs. In this paper, a methodology for developing PFs is given and two case studies are given to show how it works. The methodology includes six crucial stages.
I. INTRODUCTION
Economic performance assessment (EPA) is receiving increasing attention in both academia and industry. It addresses the estimation of the potential benefits resulting from control upgrade projects and monitoring and improving the economic performance of process control systems.
Instead of mapping the economic influence of the controlled variable (CV) improvement due to improved control as a constant value [1] [2] [3] , performance functions (PFs) define the profit or loss when CVs move away from the optimum operating point. PFs reflect the economic model of profit/loss vs CVs. When the economic impact of CVs is considered separately, the individual performance functions (IPFs) need to be developed. However, when the economic model's multivariate nature is considered, i.e. the interaction of the economic impact of CVs is considered, joint performance functions (JPFs) are developed. PFs provide a useful tool for estimating economic performance of various controllers [4, 5] . PFs are often difficult to derive, differ from process to process and even change within a process with changes in extraneous economic conditions.
PFs play an important role in the latest techniques of EPA [6] . There appears, however, to be no systematic method for developing PFs. The lack of such a method restrains further research into EPA. In this paper, a methodology for developing PFs is proposed first and then two examples are given to show how the methodology works.
The organization of this paper is described below. The methodology is proposed in Section II. The PF development of an electric arc furnace and grinding mill circuits is discussed in Section III and IV. Conclusions are drawn in Section V.
II. METHODOLOGY OF PERFORMANCE FUNCTION

DEVELOPMENT
In this section, a methodology for developing PFs is proposed, which includes the following stages: Stage 1: Determine information required for PF development.
• Process operation and control understanding.
• Process economics understanding. Stage 2: Gain required information on PF development.
• PF-related information elicitation using survey research.
• PF-related information available in the literature, including textbooks, journal papers, conference papers.
• PF-related information from plant tests. 
A. Stage 1: Determine information required for performance function development
The first stage of PF development is determining the information required regarding the process operation, process control and process economics. Without in-depth understanding of process operation, it is impossible to gain sufficient understanding of process control. Without thorough insight into process operation and control, it is not easy to have indepth understanding of process economics.
For process operation, it is necessary to clarify production objectives, process description, feedstocks used for the process, energy used for the process, general disturbances and measurement instrumentation. For process control, it is necessary to know the selection of controlled and manipulated variables, the considerations for selecting these variables, the specifications for the controlled variables, the actuators serving the manipulated variables and the compensative action taken when the controlled variables violate their specifications. For process economics, it is necessary to know the economic impact when the controlled variables violate their specifications, including what the possible benefits will be and how the operational cost will change. These general principles of extracting this information look simple, but the process is very difficult to carry out properly in practice.
Besides the primary economic analysis, one needs to focus on operating cost distribution. Operating cost mainly involves energy and feedstocks. Energy may be chemical, nuclear, electrical, mechanical, thermal or radiant. When a controller drives manipulated variables to improve or maintain the performance of a process, the manipulated variables are often related to the energy/feedstock additions, which are related to monetary values. For instance, modifying the flow rate of some chemicals or electricity input will involve a transient change of the overall operating cost. Hence, for the process being investigated, the operating cost distribution needs to be established, as given in Table I . The significance of establishing this cost distribution table is that, when manipulated variables are used for compensative action, the change in operating cost can be quantified easily, based on the 'nominal' operating cost. In some processes (noted as A in this context), the large proportion of economic consequences when CVs deviate from their setpoints lie in downstream processes (noted as B in this context). Additional considerations are consequently necessary. A unifying study investigating the steady-state relationships between CVs of process A and responding variables of process B can be used. For each economically crucial CV, information on how its fluctuation influences the cost and profit of processes A and B, needs to be elicited.
B. Stage 2: Gain required information on performance function development
After determining what information is required in stage 1, the task of stage 2 is to obtain this information. There are three main ways that can be used for this purpose, i.e. survey research, literature survey and plant test, which are discussed in the following:
1) Performance function-related information elicitation using survey research: Survey research is the most popular way of deriving expert knowledge that is required to develop PFs. As shown in [6, 7] , survey research plays a key role in obtaining instructive information. In order to gain in-depth understanding of the process operation and economics that are crucial for PF development, a survey study can be used.
2) Performance function-related information available in the literature: Publications describing the first principle model of the process being considered may carry useful information. The economic value of the energy and materials, which may be included in the process model, could contribute to the establishment of a PF. PF-related information is often available during the plant design and test phases and appears in the literature. This information is highly meaningful in PF development. For example, for the PF of concentrate grade in flotation circuits, as described in [8] , it remains the same for various flotation circuits despite the variety of circuit configurations and control structures. Although the parameters of the functions representing the relationship have different values in different processes, the relationship can still be used for reference.
3) Performance function-related information from plant tests: Plant tests can be viewed as a method for deriving PFs, in which the process considered is managed to reach different steady states under various combinations of variables for which a steady state relationship is intended to be built, while keeping other variables and parameters as constant as possible. The economic impact of one variable on another one may then be discovered from the collected steady-state operating data. However, this method is often infeasible in practice, as this kind of plant test is often extremely timeconsuming and costly. Another reason is that sometimes the influence of disturbances on the system will overwhelm the variation of process variables. Furthermore, in order to conduct the tests, normal running of the system needs to be stopped for quite a while, which may lead to considerable losses.
C. Stage 3: Select suitable performance measures
When the process focused on is a section of a large plant, the economic performance measures, which are intended to be used to assess the performance of a control system, need to be selected carefully, as there may be several possible options available, such as production rate, product yield, product quality, profitability, etc, but which one is suitable is not clear.
'Vollmann decomposition' is a useful tool for selecting performance measures [9] . 'Vollmann decomposition' is the iteration of 'Vollmann triangles'. At the top of this triangle is the plant's manufacturing strategy, which should be clearly stated and communicated to all the people in the operation who are supposed to support this strategy. Out of the strategy should come an action plan that should indicate how the strategy should be realised. The performance measures should be established to reflect and assess whether the action plan is successful. Performance measures should provide the link between the activities of the business and the strategic planning process. If the performance measures reflect the strategy and are built at all levels of the organisation, the plant personnel will tend to work to reach the measures and consequently the plant's strategy will be executed efficiently. The Vollmann triangle can be taken as a continuous improvement model and represents a cycle starting with the corporate strategy. Once market conditions require a new strategy, the Vollmann triangle cycle can be conducted over again and cause continual improvement in economic performance in line with the competitive strategy. The Vollmann decomposition is achieved by top-down repetition of the Vollmann triangle model.
D. Stage 4: Make suitable assumptions
Assumptions are very important for PF development. The PF model of the process may be very complex so that it is very difficult to quantify. There may be more than one economic consequence when a CV deviates from the setpoint or desired range, and the relationship between the variable and some consequences may be very obscure, or be noted rarely, or be unimportant because the consequence is minor compared to the dominant one. Assumptions then need to be made in order to facilitate the modelling, which may otherwise be difficult to handle. They can help to simplify the PF modelling problem to a reasonable extent where it becomes operable without losing much accuracy. What assumptions need to be made deserves serious consideration. However, there are no general rules and the assumptions should be made according to the specific situation of the process. For example, the assumptions may be:
• The wisdom of neglecting some minor economic impact is sometimes required. Neglecting economic consequences that are small compared to the dominant consequence and are difficult to quantify, will simplify the development of PFs without losing much accuracy.
• The economic consequences of different CVs are independent.
• The PF of a CV is linear (or quadratic or some other type) in a range.
• The process investigated is a bottleneck in the whole plant.
• There are no constraints for some variables.
• Only some of all CVs are economically important.
• Only some operating costs are significant.
• When the production quality is improved, the throughput rate remains unchanged.
E. Stage 5: Determine performance functions
Once the preceding steps have been executed properly and the required information has been obtained, the PFs can be determined by synthesising all the collected information. Some suggestions are given below:
• The costs that remain constant, however well the control system works, could be ignored when defining the economic performance of a process, as the constant costs cannot help to reflect the distinction in economic performance of different controllers.
• When there is more than one grade for the product, benefits and costs need to match for the same grade product.
• Profitability can be defined to describe economic performance of a process, for which benefits and costs scenarios need to be listed. The premise is that the product of this process can be sold directly.
• For processes in which CVs are required to stay within specifications at batch time and in which there is no additional benefit, however well the controller works, the additional cost incurred to compensate for the deviation of CVs from specifications may be a suitable option for PFs. It needs to be individualised for each CV according to the specifics of the process being explored.
• Even for the same process, PFs may change when the process's extraneous economic environment changes. Hence, PFs need to be updated regularly to adapt to these conditions.
• It is difficult to find generic PFs of the same type in different processes in that performance measures or process configuration may be different, etc.
• In different plants, even for the same kind of processes, the focus of economic performance may be different, depending on the upper level strategies.
• For each economically sensitive process variable, the possible benefit and cost need to be investigated comprehensively, and then integrated into an overall index with a specific physical meaning.
• Not all of the CVs are economically significant, because some of the process variables are controlled for other reasons, not necessarily economic ones. Thus, it is not necessary to take these variables into account in PF development.
• Generally for a PF there are two possible options, i.e. using real plant data or using sanitised plant data expressed as percentage values. Real plant data are often difficult to obtain, as these are usually confidential. This argument is confirmed in [5] where only brief results are given and detailed information is protected. Hence, taking the first option tends not to be practical for academic research, but it is ideal for an internal evaluation of an industrial plant. Alternatively, the second option can be used, where the percentage values of ΔC/ΔP are divided by a nominal value such as the average operating cost of the process for a given period. This is the case in [7] , where the PFs are expressed as percentage values of additional costs divided by the typical operating cost for a tap of an electric arc furnace. The use of percentage values has the advantage that sensitive production data can be protected and are consequently easier to obtain.
F. Stage 6: Develop joint performance functions
If two CVs violate their specifications simultaneously, their economic consequences could overlap or even be the same, not necessarily the sum of two independent ones. Not considering the dependence of CVs may consequently result in biased estimation of economic performance of a controlled system. When the economic model's multivariate nature is considered, JPFs need to be developed. JPFs may help to determine a more profitable optimal operating point. A decision needs to be taken at the beginning of an EPA whether to develop JPFs or IPFs, which has a significant influence on some decisions that need to be made later. JPFs can be established from scratch by following the procedure mentioned above or be built based on the IPFs that are already established.
For both cases, the dependence of the CVs needs to be investigated first. The scatter plot is a powerful tool for examining the relationship between two variables. For the time series of every two CVs, the data points are plotted in a two-dimensional plane in which the x-axis is for one variable and the y-axis for the other variable. The scatter plot can be explained by inspecting an overall pattern using visual examination. The pattern can manifest the direction, shape and strength of the dependence of two variables. Two variables are regarded as being associated positively when above-average values of one variable are likely to coexist with above-average values of the other variable, and below-average values tend to occur together. Two variables are taken as being associated negatively if above-average values of one variable coexist with below-average values of the other variable, and vice versa.
Based on the dependence of CVs, JPFs for dependent CVs are developed. Also, the survey study and literature survey are two recommended ways of obtaining the required information. If it is decided to develop JPFs by updating IPFs, the focus should be put on the interaction of economic consequences that can be seen from IPFs. An issue that would then deserve attention is that if the costs associated with compensative action of two CVs have overlapping parts, meaning the compensative action will help to recover both CV simultaneously, these parts should not appear twice in the JPF of these two CVs.
III. PERFORMANCE FUNCTION DEVELOPMENT FOR AN ELECTRIC ARC FURNACE
A. Description of the furnace
Electric arc furnaces (EAFs) are commonly used in the steel industry to convert iron into steel with three-phase electric power as the main energy source [7] ; see Fig. 1 . Graphite electrodes provide the three-phase arc. The objective of EAF steel-making is to increase the steel temperature to facilitate further processing and to remove impurities from the molten steel. 
B. The review of the development of individual performance functions
The selected CVs include steel mass, carbon content, steel temperature, relative pressure, CO emission, off-gas temperature and slag-foam depth. The setpoints of controlled variables are determined based on various considerations. When the controlled variables violate the setpoints, there will be some direct or indirect economic impact, which can be modelled by either IPFs or JPFs. The development of IPFs and JPFs of the CVs of the EAF is given in [7] and [10] respectively and will be reviewed briefly to show how the methodology works. The IPFs are given in Fig. 2 . The lessons learned are given below.
Private communication with a process expert plays an important role in developing the PFs for percentage carbon, steel temperature and off-gas temperature [7] . For these three variables, the private communication indicates the time required to compensate for the deviations of the CVs.
The literature is very important for the derivation of the PFs of slag foam depth and relative pressure. The method is to look for a reference point, 0 cm for the slag foam depth and -5 Pa for the relative pressure respectively, then see what the relevant economic impact is (wastage of energy in both cases). Another reference point is also chosen to discover the relevant economic impact. Then a mathematical function is assumed to exist for the range between the two chosen reference points. The quantification of the wastage of energy is based on a first principle system model of the considered EAF.
It is necessary to make some assumptions in the PF development. Without the assumption that the EAF process is a bottleneck, the PFs of percentage carbon, steel temperature, off-gas temperature and steel mass cannot be established as given. Without the assumption that CO emissions are negligible, the PF of CO will be difficult to determine. Without the assumption that a positive relative furnace pressure would not cause significant influence on the health of workers and safety of the workshop, the relative pressure PF would also be difficult to determine. Without the assumption that the PF of slag foam depth is linear, the PF would have to be structured otherwise.
When a CV deviates from the specification, there may be more than one economic consequence. If one consequence accounts for the biggest part of the economic impact, attention can be paid to it in the investigation of the PF, with minor factors being neglected. Sometimes the economic impact concerns several factors that are relatively trivial and difficult to quantify, and this simplification could help grasp the major economic impact.
Generally, the monetary value includes two parts: benefit and cost. However, the preceding development focuses only on cost. At the tapping time all the CVs need to satisfy the specifications, otherwise some additional costs will be incurred. Besides, however well the controller works, there is no additional benefit compared to the typical operation, meaning that when a CV is under better control, the product will not be of a better grade and will not be sold at higher price. In the development described above, there is no additional benefit, and the focus is only on the cost. This type of economic model may also be used for PF development of other batch processes where the main requirements of the processing are that CVs are required to stay within designated ranges.
C. Joint performance functions of the furnace
Dependence of CVs is investigated using scatter plots. Fig. 3 shows the scatter plots for the percentage carbon and off- Fig. 2 : Individual performance functions of the EAF [10] gas temperature. It can be seen that these two variables are strongly dependent under manual control. The JPF is then examined. The additional cost associated with both variables is due to an increment in time between taps given that specifications are violated. When neither of them breaks the specifications, the JPF is 0%. When one variable breaks the specification, the JPF is just the IPF of that variable. If both of them break the specifications and when 0.036% ≤ c < 0.0684% or 0.0828% ≤ c < 0.108%, an additional ten minutes for compensative processing will be necessary, instead of three minutes for off-gas temperature compensation. Both violations can then be recovered by extending the between-tap time by 10 minutes. So the JPF is the maximum of the IPFs of those two variables: 
IV. PERFORMANCE FUNCTION DEVELOPMENT FOR GRINDING MILL CIRCUITS
A. Process description of grinding mill circuits
After being mined and then crushed, ore is fed into grinding circuits in which the ore particle size is reduced to a suitable level so that the mineral contained in the ore can be liberated economically in downstream concentration processes. Grind-ing is conducted in spinning cylindrical steel containers known as tumbling mills. The contents of these mills consist of a charge of the grinding medium, moving freely inside the mill and comminuting the ore particles. The grinding medium can be steel rods, balls, or the ore itself.
The run-of-mine ore milling circuit being considered for PF development is a closed one-stage circuit, comprising a semiautogenous mill as shown in Fig. 4 . The mill discharges slurry into a sump via an end-discharge grate. The slurry is diluted in the sump by water and pumped to a hydrocyclone. Lighter particles pass to the cyclone overflow, being the milling circuit product, and heavier particles pass to the underflow of the cyclone. The underflow of the cyclone, water and feed ore comprise the mill feed. Fig. 4 : The structure of the milling circuit [11] B. Summary of the performance function development The particle size, sump level and mill load are CVs. In [11] , PFs of grinding mill circuits are examined based on the information resulting from survey research, a literature survey and a plant test.
Firstly, survey research is done to determine the current practice of control and functional/economic performance of grinding mill circuits in the mineral processing industry. The research is done using the distribution and collection of a webbased questionnaire and an MS Word document. Information required to develop PFs of grinding circuits is requested and instructive results are obtained.
An in-depth literature survey undertaken to study the economics of grinding mill circuits reveals that the main economic impact of CVs for grinding circuits is often in the downstream process. Furthermore, the biggest impact is on mineral recovery in the flotation circuits. Then the steady-state relationship between the the grinding circuit product's ore particle size and mineral recovery in the flotation circuit is examined in the literature study. Fruitful information is collected in this study, and the PF of the ore particle size of the grinding circuit is developed for the circuit. Moreover, after selecting suitable performance measures and synthesising the results obtained from the survey research, the PFs of the mill load and sump level are also established for the focussed milling circuit.
V. CONCLUSION
A methodology for PF development is proposed in this paper. It starts from the in-depth understanding of process operation and proceeds with insight into process control and then process economics. The required information may be obtained mainly in three ways, namely survey studies, literature surveys and plant tests. Then, after determining suitable performance measures and making appropriate assumptions, PFs can be established based on the required information and some instructive suggestions. Moreover, the development of JPFs is discussed. The validity of this methodology needs to be further investigated in future studies.
